ABSTRACT: Although crabeater seals Lobodon carcinophaga are among the most abundant consumers of Antarctic krill Euphausia superba, their diet has rarely been studied throughout most of the species' range. Using δ N values. The median (with range) contribution of Antarctic krill to the diet of crabeater seals, as estimated using the Bayesian mixing model MixSIR, was 87.9% (81.2 to 94.8%). During 2002, krill biomass in the wAP was at one of its lowest levels during the last 2 decades, coinciding with a slight reduction in the importance of krill for the diet of the seals that year, which reached 84.5% (75.1 to 92.4%). Despite the relative plasticity observed in the diet of crabeater seals, it is unknown to what extent, and at what rate, crabeater seals might be able to switch to a more generalized diet, which might impact their fitness, given the ongoing environmental change along the wAP.
INTRODUCTION
The western Antarctic Peninsula (wAP) is one of the most biologically productive areas of the Southern Ocean (Prezelin et al. 2000 , Marrari et al. 2008 . Mid-trophic level species shape the dynamics of the entire wAP ecosystem, forming 2 very distinctive trophic webs. Copepods, mesopelagic fish and squid, occupy the mid-trophic positions of the northern slope and oceanic food web along the wAP. Antarctic krill Euphausia superba is the dominant mid-trophic level species of the Southern food web in the pack ice zone, and therefore a major player in the entire ecosystem of the Southern Ocean (Kock & Shimadzu 1994 , Hofmann & Hüsrevoglu 2003 . Further, the wAP is an area of unusually high production of Antarctic krill (Atkinson et al. 2004 , Howard et al. 2004 , Moline et al. 2004 . The large and persistent biomass of krill and other mid-trophic species in this region of the Southern Ocean sustains a large biomass of endothermic top predators (Costa & Crocker 1996 , Ducklow et al. 2007 , possibly the most important community of endothermic top predators in the world in terms of energy flux (Croxall 1992) .
The wAP is a region with one of the greatest rates of environmental warming in the world, although the impacts of such rapid change on the marine ecosystem are still unclear (Atkinson et al. 2004 , Stammerjohn et al. 2008 . Recent studies have linked climatic change with perturbations at different levels of the trophic web, from long-term declines in krill biomass to shifts in the range and abundance of different species of penguins (Fraser & Hofmann 2003 , Atkinson et al. 2004 , Clarke et al. 2007 , Costa et al. 2010 . Top predators might also respond to climate change by alterations in their foraging behavior, movement patterns and at-sea distribution (Trathan et al. 2007 ). Because it is likely that climate change will primarily affect predators through alterations in prey distribution (Croxall 1992) , shifts in the foraging behavior of top predators can provide us with an insight into the underlying changes of prey fields (Wall et al. 2007 ).
The crabeater seal Lobodon carcinophaga is one of the most abundant species of large mammals, with worldwide population estimates that vary between 14 and 30 million individuals (Erickson et al. 1990 , Knox 2007 , Bengtson 2009 ). Endemic to Antarctic waters, the species is distributed along the coast of the continent, where it is considered a highly specialized predator of Antarctic krill, which accounts for over 90% of its diet, and the remainder made up of fish and other invertebrates (Laws 1977 , Green & Williams 1986 , Zhao et al. 2004 , Knox 2007 . Such dietary specialization, along with its relatively high biomass, makes the crabeater seal one of the largest consumers of krill in the world (Laws 1977 , Hill et al. 2006 , Hewitt & Lipsky 2009 ). On the other hand, however, this high level of specialization could make crabeater seals particularly vulnerable given the expected reductions in krill abundance as a result of the retreating sea ice under the current conditions of rapid climate change (Loeb et al. 1997 , Stammerjohn et al. 2008 .
Despite the crabeater seal's high abundance and its role as one of the most abundant consumers of Antarctic krill, there are only a handful of studies on its diet, based on stomach contents or scat analyses (Laws 1977 , Green & Williams 1986 , Lowry et al. 1988 , Bengtson 2009 ). This approach is widely used in diet studies of marine mammals due to the high likelihood of finding samples with identifiable prey and the method's low cost, but these studies provide only a snapshot view of the prey consumed (and not necessarily assimilated), and the results may be biased based on differential digestibility of prey taxa (Bowen 2000 , Tollit et al. 2003 . Hence, our knowledge of the variability of diets among individual crabeater seals at different temporal scales (from seasons to years) is limited or nonexistent.
Here, we present isotopic data (δ 13 C and δ
15
N values) from vibrissae samples collected from crabeater seals in 2001, 2002 and 2007 along the wAP, and use those data to reconstruct the diet of the species using the Bayesian mixing model MixSIR . Stable isotopes, particularly δ 13 C and δ 15 N, are widely used in studies on feeding habits of animals (since isotopic values in a given species are correlated with those of the prey items included in its diet) and food webs (because isotopes either fractionate or change in a predictable fashion between trophic levels and thereby reflect trophic position) (Deniro & Epstein 1978 , Vander Zanden et al. 1997 , Hirons et al. 2001a , Vander Zanden & Rasmussen 2001 . By measuring isotopic values along the vibrissae we (1) incorporate dietary information integrated over a time scale of months or years (Hobson et al. 1996 , Hall-Aspland et al. 2005 , and (2) examine within-individual variability in the diet, since vibrissae contain a time series of information for the period during which they were formed (Cherel et al. 2009 ).
MATERIALS AND METHODS

Sample collection
Adult crabeater seals (N = 53, see Table 2 ) were captured in fall (March to May) and/or winter (June to August) of 2001 (n = 14), 2002 (n = 29) and 2007 (n = 10) during 3 cruises to the Crystal Sound/Lau Beouf fjord/Marguerite Bay area along the wAP on board the RV 'Lawrence M. Gould' (Fig. 1) . Cruises in 2001 and 2002 were part of the US Southern Ocean GLOBEC (GLOBal ocean ECosystems dynamics) program (Hofmann et al. 2004) , and data on habitat use, diving and foraging behavior, and body condition of the sampled seals have been published elsewhere (see Burns et al. 2004 , Gales et al. 2004 , Costa et al. 2010 .
Animals were sighted from the bridge of the vessel and approached by foot or inflatable boat, to deliver an intramuscular injection of Telazol (0.8 to 1.2 mg kg −1 body wt, in 2001) or Midazolam (0.5 to 0.75 mg kg −1 body wt, in 2002 and 2007), administered via a jab-stick or dart gun to sedate each animal. After the induction, animals were manually re strained with a hoop net, and isofluorane combined with oxygen was administered via a gas mask (Gales et al. 2005) . Morphometric measurements were made for each animal (mass and straight line length), and vibrissae (1 per seal) were collected by plucking them.
Stable isotope analysis
Vibrissae samples were analyzed for δ 13 C and δ 15 N values. We followed 2 different protocols for the treatment of samples in the laboratory: (1) vibrissae from 2001 and 2002 were washed with ethanol to remove lipids, allowed to air dry for 24 h and then subsampled, so that an isotopic sample was collected, on average, every 0.9 cm (range 0.3 to 2.7 cm), with masses that varied between 0.2 and 0.84 mg; (2) vibrissae from 2007 samples were washed with distilled water and a mild detergent, and allowed to air dry for at least 24 h. A second cleaning was conducted by rinsing whole vibrissae in an ultrasonic bath for 15 min in petroleum ether to eliminate lipids, and then vibrissae were subsampled every 0.5 cm, ob taining samples with masses of 0.5 ± 0.05 mg from the proximal end of each segment. Due to the confounding factors associated with the base of the vibrissae (Zhao et al. 2006 , Hückstädt et al. 2012 , we eliminated all data from this segment from analyses. Given the composition of the analyzed tissue (keratine), the lipid extraction technique is only a precautionary measure to eliminate any lipids that might have been attached during handling; thus, both approaches used in this study are appropriate, allowing us to compare the data despite the different treatment utilized.
Samples from 2001 and 2002 were analyzed using a Costech ECS4010 elemental analyzer coupled with a Finnigan Delta Plus XP mass spectro meter (Alaska Stable Isotope Facility, University of Alaska Fairbanks), while samples collected in 2007 were ana lyzed using a Carbo-Elba elemental analyzer inter faced with a Finnigan Delta Plus XP mass spectrometer (Light Stable Isotope Lab, University of California Santa Cruz).
The abundance of stable isotopes is expressed in δ notation, according to:
where X is the element, h is the heavy atomic mass number, and R is the heavy-to-light isotope ratio (i.e. 
Data analysis
To investigate if there were effects of year, season, sex or body mass on vibrissae isotopic values, we used a suite of linear mixed models with 'individual' as random effect using the package 'nlme' in R (Pinheiro et al. 2011) , followed by a mixed model variance component analysis (MMV -CA) using 'ape' in R (Paradis et al. 2004) , to estimate the percentage of observed variability associated with between-versus within-individual components. We se lected the optimal model for each isotopic system (i.e. δ 13 C or δ 15 N) using the likelihood ratio test (Zuur et al. 2009 ).
To analyze the contribution of prey items to the diet of crabeater seals, we used the Bayesian isotopic mixing model MixSIR v1.0 . A Bayesian approach is advantageous, since it allows for the estimation of the distributions of posterior probabilities for the proportional contributions of sources (i.e. prey items) to the mix (i.e. the consumer) through numerical integration , while incorporating uncertainties in the tissuespecific trophic discrimination factors (Martinez del Rio et al. 2009 ), as well as the uncertainty in consumer and prey isotopic data.
Previous studies have described the crabeater seal diet very broadly, only identifying prey as krill, fish and squid (e.g. Laws 1977 , Green & Williams 1986 , Lowry et al. 1988 , and consequently we used noninformative source contribution priors when running the mixing model, using a number of iterations sufficient to render >10 000 samples in the posterior distributions of the source contributions to the diet. In our study, we included published isotopic data for Antarctic krill, the nototheniid Pleurogramma antarcticum, and the myctophids Electrona antarctica and E. carlsbergi from the study area (Polito & Goebel 2010 , Polito et al. 2011 
tors that also specialize in krill in the wAP area, specifically the Antarctic fur seal Arctocephalus gazella (Polito & Goebel 2010 ) and the Adélie penguin Pygoscelis adeliae (Polito et al. 2011) . We used non-informative priors in the mixing model due to the limitations associated with the small number of earlier studies, differences among studies in methodologies and reporting of re sults, and an overall lack of knowledge about the contribution of different fish species to the diet. We used vibrissae-specific isotopic fractionation values of 2.2 ± 0.7 ‰ for δ 13 C and 3.5 ± 0.6 ‰ for δ 15 N in the mixing model, as obtained from a study of the sea otter Enhydra lutris (Newsome et al. 2010a) , since studies reporting the discrimination of carbon and nitrogen isotopes between diet and vibrissae for pinnipeds have not reported standard deviations (Hobson et al. 1996 , Kurle & Worthy 2002 , Lesage et al. 2002 , Zhao et al. 2006 . These values from Newsome et al. (2010a) are well within the range of mean enrichment factors estimated for pinniped vibrissae.
Our approach allowed us to sample different time periods in the foraging history of the seals, and consequently captured the variability in individual diets of crabeater seals. Assuming a growth rate similar to what has been described for the leopard seal Hy drurga leptonyx of 0.01 mm d −1 (Hall-Aspland et al. 2005) would imply that vibrissae samples in this study represented an average record of 1170 d (3.2 yr), which seems unlikely given the vibrissae growth pattern of phocids, which do not seem to retain vibrissae between years (Hirons et al. 2001b , Greaves et al. 2004 , Newland et al. 2011 , Hückstädt et al. 2012 . New evidence from southern elephant seals Mirounga leonina suggests that at least part of the vibrissae is produced during the last weeks or few months (Newland et al. 2011 ). Yet, there is no certainty about the vibrissae growth rates for crabeater seals, and there are several un knowns about the pattern of vibrissae growth and shedding in phocids (Greaves et al. ). Therefore, we did not assign specific timeframes for the different samples along the vibrissae, but rather treated them as relative terms of recent and past diet, and assumed that the isotopic information from vibrissae reflected the diet of the individual during the year preceding collection.
To assess the variability in the diet of crabeater seals at different levels, we ran MixSIR as follows: Approach 1, using mean individual isotopic values to address the diet of crabeater seals at the population level; Approach 2, using mean individual isotopic values separated by year, allowing us to investigate the difference in diet composition among sampling years; Approach 3, using all serial samples for each individual, providing us information on individual variability in diet composition; and Approach 4, using each vibrissa sample per individual to assess the temporal variability in diet composition of each individual. Results for the posterior distributions of prey item contribution to the diet, as obtained from the output of the MixSIR model, are expressed as median (with range).
We investigated the effect of year, season, sex and body mass on the contribution of krill (%) to the diet of crabeater seals using a series of binomial generalized linear mixed effect models (GLMMs) with a 'logit' link function and the variable 'individual' as a random effect, using the package 'lme4' in R (Bates et al. 2011) . For these analyses, we used a subset of 10 000 randomly selected samples obtained from each individual's posterior distributions as obtained from the MixSIR model. As before, the optimal mo del was chosen using the likelihood ratio test (Zuur et al. 2009 ).
All statistical analyses were conducted in R (R Development Core Team 2011). Results are expressed as mean values ± SD unless otherwise noted, and the significance level was set at 95% for all tests.
RESULTS
We measured δ (Table 2 ). The mean vibrissae length of our sample was 11.7 ± 1.8 cm, and we analyzed an average of 7.3 ± 3.3 segments per individual seal. Our samples were from 31 females and 22 males, with a mean mass of 256 ± 54 kg. The mean C:N atomic ratio for the vibrissae samples was 3.4 ± 0.1 (Table 2) . Crabeater seals' individual δ G017 Female 118 −21.8 ± 0.4 6.8 ± 1.3 3.3 ± 0.1 G018 Male 157 −24.9 ± 0.7 6.5 ± 0.6 3.3 ± 0.1 G019 Female 156 −24.7 ± 0.6 6.6 ± 0.7 3.3 ± 0.0 G020 Male 143 −24.5 ± 0.7 6.6 ± 0.7 3.3 ± 0.1 G021 Male 271 −22.3 ± 0.7 6.7 ± 0.6 3.4 ± 0.1 G022 Female 268 −20.9 ± 0.3 7.9 ± 0.5 3.4 ± 0.1 G023 Male 174 −24.6 ± 0.6 6.4 ± 0.6 3.3 ± 0.1 G024 Female 256 −21.8 ± 0.9 7.2 ± 0.5 3.3 ± 0.1 G026 Female 266 −23.6 ± 0.2 6.5 ± 0.5 3.3 ± 0.1 G027 Male 226 −22.3 ± 0.8 6.9 ± 0.5 3.3 ± 0.0 G028 Female 314 −22.2 ± 1.1 7.1 ± 0.9 3.3 ± 0.1 G029 Male 242 −21.6 ± 1.0 7.2 ± 0.9 3.3 ± 0.0 G030 Male 250 −22.1 ± 1.0 6.9 ± 1.1 3.3 ± 0.0 G031 Female 385 −21.2 ± 0.6 7.5 ± 0.6 3.3 ± 0.0 G032 Female 230 −23.2 ± 0.7 7.0 ± 0.5 3.3 ± 0.0 Winter G033 Female 268 −21.1 ± 0.9 7.5 ± 0.9 3.3 ± 0.1 G034 Female 295 −21.8 ± 0.6 6.7 ± 0.4 3.3 ± 0.1 G035 Female 238 −21.6 ± 0.5 7.0 ± 0.6 3.3 ± 0.0 G036 Female 207 −21.5 ± 1.0 7.3 ± 0.4 3.4 ± 0.1 G038 Male 273 −22.0 ± 1.2 6.9 ± 0.5 3.4 ± 0.1 G039 Male 247 −22.9 ± 0.4 7.3 ± 0.6 3.4 ± 0.1 G040 Male 302 −23.7 ± 0.6 6.5 ± 0.5 3.4 ± 0.1 G041 Male 269 −22.9 ± 0.5 6.7 ± 0.5 3.4 ± 0.1 G042 Male 224 −21.6 ± 1.2 6.9 ± 0.5 3.5 ± 0.1 G043 Male 224 −22.8 ± 0.8 7.4 ± 0.5 3.4 ± 0.1 G044 Female 280 −21.8 ± 1.2 7.1 ± 0.8 3.5 ± 0.1 G045 Female 221 −22.0 ± 0.3 7.6 ± 0.7 3.4 ± 0.1 G046 Male 237 −21.7 ± 0.9 7.8 ± 0.6 3.4 ± 0.0 G047 Male 254 −21.5 ± 1.2 7.1 ± 0.5 3.5 ± 0.1 2007 Fall G102 Female 286 −23.8 ± 0.5 5.3 ± 0.3 na G104 Female 197 −22.7 ± 0.7 6.9 ± 0.3 3.4 ± 0.1 G105 Female 251 −22.3 ± 1.2 7.1 ± 0.5 na G106 Female 207 −21.9 ± 0.7 7.1 ± 0.2 3.5 ± 0.0 G107 Female 315 −23.3 ± 1.1 6.6 ± 0.2 na G108 Female 207 −21.5 ± 1.6 7.5 ± 0. 
C values
The mean δ 13 C value for all 389 samples was −22.4 ± 1.3 ‰. There was considerable variability in mean δ 13 C values for individuals, which ranged from −24.9 ‰ for seal G018 to −19.8 ‰ for seal G001 (Table 2) ; the δ 13 C SD for individuals varied by an order of magnitude, from 0.1 ‰ for seal G003 to 1.5 ‰ for seal G001 (Table 2) .
Before fitting the models for δ
13
C values, we transformed the data, as log 10 (δ 13 C + 30), to fulfill the assumption of residual normality. In the optimal model, δ 13 C values of crabeater seal vibrissae were positively related to mass (t = 2.12, p = 0.04) and higher during the winter season compared with the fall (t = 2.37, p = 0.02). The results of MMVCA confirmed the importance of individual seals to the variability found in crabeater seal δ 13 C values, 59.6% of which is associated with individual variability, and approximately 40% is due to variability within individuals. Indeed, we could not identify common patterns among individuals with regards to the alongvibrissae variability in δ 13 C values (Fig. 2) .
Vibrissae δ
N values
The mean δ 15 N value for the 389 samples of crabeater seal vibrissae was 6.8 ± 0.8 ‰, and the mean value for individuals varied from 5.3 ‰ (seal G003) to 7.9 ‰ (seal G022). Similar to δ 13 C results, the SD for different individuals ranged from 0.1 ‰ (seal G001) to 1.3 ‰ (seal G017) ( Table 2) .
Since our data did not fulfill the assumption of homogeneity of variance for the variable year, our suite of models for δ (Fig. 2 ).
Diet composition: population versus individuals
The high carbon values for seal G001 (Table 2) indicate that this individual foraged north of the Polar Front/Sub-Polar Front (see 'Discussion: SubAntarctic foraging'), so it was not included in the analysis.
A limitation of using stable isotopes for diet analysis is that it is not possible to reconstruct the diet without knowledge of the isotopic composition of potential or actual prey items for a consumer (Kelly 2000 , Newsome et al. 2010b ). Furthermore, isotopic mixing models cannot differentiate between the contributions of different prey unless prey isotopic values are significantly different (Phillips 2001 , Phillips et al. 2005 ). While we included 3 fish species in our mixing models (Table 3) Our analysis demonstrated that Antarctic krill were the predominant prey taxa in the diet of crabeater seals from the wAP (Approach 1). Krill accounted for 87.9% (81.2−94.8%) of the diet of the crabeater seals, whereas the cumulative contribution of all 3 species of fish was 12.1% (5.2−18.8%) of their diet (Table 3) Table 3 , Fig. 3 ). This was confirmed by the GLMM, which identified year (2002) as the only significant variable (z = −2.0, p = 0.04).
As expected, and in agreement with the results obtained from the MMVCA, we observed a high degree of variability in the diet of individual seals (Fig. 4) . The median contribution of krill varied among individual seals (Approach 3), from 60.8% (40.6−80.7%, seal G022) to 98.3% (92.5−99.9%, seal G102). At the individual level there was an increase in the uncertainty of the model results, with the contribution of krill to diet ranging by as much as 67% in the diet of particular individuals (i.e. seal G024, Fig. 4 ).
Temporal variability in the diet
We were able to identify temporal differences in the diet of seals (as obtained from the longitudinal re cord of isotopic values along the vibrissae, Approach 4; Fig. 5 ). Whereas most individuals showed low variability in the median contribution of krill to their diets (Fig. 5) , some individual diets fluctuated through time. In 20 seals (38.5% of sampled individ- G102  G104  G105  G106  G107  G108  G110  G112   G113  G114   G017  G018  G019  G020  G021  G022  G023  G024   G043  G044  G045  G046  G047   G026  G027  G028  G029  G030  G031  G032  G033   G036  G038  G039  G040  G041  G042  G034  G035 Individual median krill contribution to diet (%) Distance from base of vibrissae (cm)   G003  G004  G005  G006  G007  G008  G009  G010   G015  G016  G012  G013 
DISCUSSION
This is the first study using stable isotopes to examine the diet composition of crabeater seals in the wAP. We evaluated dietary information assimilated over a timescale of, at least, months based on the analysis of a slow-growing tissue (i.e. vibrissae), rather than the instantaneous snapshot from scats, or stomach content analysis (Kelly 2000 , Crawford et al. 2008 . Our data demonstrated the predominance of krill in the diet of crabeater seals from the wAP (~88% of their diet), in agreement with previous studies (Laws 1977 , Green & Williams 1986 , Lowry et al. 1988 , Hewitt & Lipsky 2009 ). We also showed individual and temporal variability in the contribution of krill to the diet of crabeater seals, highlighting the importance of un derstanding the responses of this highly specialized predator to the environmental variability of its prey, especially in light of the rapid and drastic environmental changes in the study area (Atkinson et al. 2004 , Stammerjohn et al. 2008 ). 
N values
Despite the importance of crabeater seals as one of the major consumers of Antarctic krill in the Southern Ocean (Laws 1977 , Hill et al. 2006 , Hewitt & Lipsky 2009 , there are relatively few studies on the trophic ecology of this predator, and most have been based on stomach content and scat analysis. To our knowledge, only 2 studies have measured isotopic values of crabeater seals (Rau et al. 1992 , Zhao et al. 2004 ) from blood or muscle samples. These tissues integrate dietary information on a scale of days (blood serum) to months (muscle; Hobson et al. 1996 , Dalerum & Angerbjorn 2005 , Kurle & Gudmundson 2007 , but these samples do not provide a way to address temporal variability of an individual's diet if samples are taken at one particular time only, as in the case of these studies where either serum or muscle samples were collected from particular individuals. However, if the variability in δ 13 C and/or δ 15 N values is quantified between different tissue samples (e.g. muscle and blood serum) collected from the same individual at the same time, individual and temporal variability in the diets of individuals, as detected by stable isotope analysis, can be investigated due to differences in the reflection of an individual's diet attributed to differences in the turnover rate of different body tissues (e.g. Bearhop et al. 2004 , Quevedo et al. 2009 , Matich et al. 2011 .
Crabeater seals from the wAP showed greater variability in both δ 13 C and δ
15
N values than that found by Rau et al. (1992) C values showed greater variability in our study (4.8 ‰, Table 1 ). Yet we also found an important contribution from the within-individual variability in δ 13 C values, which explained about 40% of the variance of the isotope. Thus, when considering all samples in this study, the variability of crabeater seal δ
13
C values increased to 7.9 ‰. Similarly, mean individual δ 15 N values varied by 2.7 ‰, whereas all samples varied by 5 ‰, compared to ~1.2 ‰ in the Weddell Sea (Rau et al. 1992) , and ~2.3 ‰ in the Ross Sea (Zhao et al. 2004) .
Several factors might contribute to the differences in variance between our study and the previously published studies of crabeater seals. First, measuring isotopic values along a metabolically inert tissue, such as vibrissae, provides a continuous and timeintegrated record of the seal's foraging ecology, sampled at relatively high resolution (Hall-Aspland et al. 2005 , Eder et al. 2010 , Newland et al. 2011 . Regardless of the time period in tegrated in 1 sample of serum (days) or muscle (months), these tissues only provide 1 data point in time unless a longitudinal study of the same individual can be conducted, which is not realistic in the case of the wild animals used in our sample. One vibrissa, on the other hand, offers a stratified record in time, therefore providing several samples for the same individual, as opposed to the unique value that 1 muscle or serum sample can provide.
Second, isotope values at the base of trophic webs vary regionally, due to differences in oceanographic parameters such as temperature, productivity, physiology and identity of primary producers, vertical mixing, and isotopic differences in the main sources of carbon and nitrogen (Somes et al. 2010) . At a global scale, δ 13 C decreases towards the poles and because this isotopic gradient is more pronounced in the Southern Ocean (Goericke & Fry 1994 , Popp et al. 1999 , Graham et al. 2009 ), the North-South orientation of the wAP, spanning 12° in latitude, is of partic-ular relevance when comparing isotopic variability. This is ultimately reflected throughout the trophic web around the wAP, which could explain the high range of δ 13 C values we see in our data compared to other sites. δ 15 N values also decrease towards the poles (Jaeger et al. 2010a , Somes et al. 2010 , although this relationship is harder to evaluate in consumers as variations in δ 15 N values are also associated with changes in trophic level.
Third, Zhao et al. (2004) suggested that the gradient in δ
C values between onshore and offshore waters contributed to the wide range of δ 13 C values they observed in crabeater seals from the Ross Sea. Tracking data show, however, that along the wAP crabeater seals are restricted to shelf waters (Burns et al. 2004 , consequently an onshore-offshore δ 13 C gradient is unlikely to contribute to the isotopic variability we observed.
Despite these possible explanations, we propose that the high variation in crabeater seals' isotopic values is likely associated with the high variability of isotopic values at the base of the food web. The isotopic composition of krill varies as they switch between grazing on pelagic and sea ice diatoms, the latter of which are typically enriched in Wada et al. 1987) . These isotopic differences are integrated by krill and other phytoplankton consumers (Schmidt et al. 2003) , and are then transferred up through the food web to crabeater seals. These changes in baseline isotopic values, a consequence of the shift between a pelagic and sea ice phytoplankton community, could also explain the significant effect that season had on δ 13 C values of crabeater seals. Finally, despite being a highly specialized predator, crabeater seals do consume prey other than krill (Laws 1977 , Green & Williams 1986 , Lowry et al. 1988 , Hewitt & Lipsky 2009 , and therefore we can expect changes in their isotopic values as they incorporate more than one prey in their diet (see 'Diet of crabeater seals' section below).
Sub-Antarctic foraging
Based on the relationship between latitude and δ , Jaeger et al. 2010b . Crabeater seals have rarely been observed in sub-Antarctic latitudes, and most reports refer to juvenile or injured animals (Knox 2007 , Bengtson 2009 ). However, 1 individual in our study, G001, had δ 13 C values that ranged between −21.5 and −17.6 ‰ ( Table 2, Fig. 2 ), which indicates that this individual foraged north of the Sub-Polar Front. The maximum δ 13 C value for this individual (−17.6 ‰) is higher than vibrissae δ 13 C values of female southern elephant seals Mirounga leonina from the wAP (Hückstädt et al. 2012) , which reportedly feed as far north as the Sub-Polar Front (Costa et al. 2010 , Hückstädt et al. 2012 , and was within the range of δ 13 C values reported for other species that forage north of the Polar Front, such as rockhopper penguins Eudyptes chrysocome , macaroni penguins E. chrysolophus, Antarctic fur seals Arctocephalus gazella , and Wilson's storm petrel Oceanites oceanicus (Quillfeldt et al. 2005) .
A closer look at δ
13
C values along the vibrissae profile (Fig. 2) , provides evidence of individual G001 transiting back and forth between an area north of the Polar Front and the Antarctic continental margin, as observed from the 2 peaks in δ 13 C (north foraging), and the low values (Antarctic foraging). A final transit to the Antarctic continent (not seen in the vibrissae isotopic data) is evident since the individual was captured along the wAP. Thus, this constitutes the first record of a crabeater seal successfully transiting between sub-Antarctic and Antarctic foraging grounds.
Diet of crabeater seals
Although most studies on diet of crabeater seals have distinguished between krill and unspecified fish species, we included 3 different species of fish that occur in the diet of other krill specialists in the same study area (Polito & Goebel 2010 , Polito et al. 2011 Table 3 ). However, due to the similarity in isotopic values for 2 of the fish species included in our analysis, we combined the diet contributions obtained from the mixing model for all 3 species of fish (Table 3, Fig. 3 ). Our results show that the diet of the crabeater seal along the wAP is largely dominated by krill, which accounts for 88% of the diet when considering individual isotopic mean values (Approach 1). Our results for fish species, however, are more difficult to interpret.
Our data show that crabeater seals display some trophic plasticity, likely a response to fluctuations in the availability of their primary prey, Antarctic krill. Large fluctuations in the biomass of Antarctic krill in the wAP have been described (Siegel & Loeb 1995 , Hewitt et al. 2003 , Reiss et al. 2008 ) and linked to environmental variations at different scales, from local fluctuations in sea ice extent (Loeb et al. 1997) , to global-scale perturbations such as El Niño Southern Oscillation (Loeb et al. 2009 ). Our study included samples collected during the austral fall and winter of 2002, presumably reflecting krill consumption during the austral summer 2001 to 2002. This particular summer season was characterized by one of the lowest recorded biomasses of krill for the northern wAP (Hewitt et al. 2003 , Reiss et al. 2008 ). Our analysis revealed that the contribution of krill to the diet of crabeater seals was significantly lower in 2002 compared with 2001, whereas no difference was evident between 2001 and 2007 (Figs. 3 & 4) . Seals sampled in 2002 had the lowest median contribution of krill to diet, with about half of the individuals in our sample having median contributions to diet of less than 75% at least once along their vibrissae ( ) and deeper aggregations during the fall-winter period compared with high density (>100 g m −3
) and shallow aggregations observed in summer (Lascara et al. 1999) . Regardless, crabeater seals are able to prey on krill throughout the fall-winter season, as the krill's vertical distribution remains well within the diving range of crabeater seals (Burns et al. 2004) . Furthermore, deeper krill aggregations are likely to be denser, making up for the deeper and therefore longer dives that would be required to obtain them (Burns et al. 2004 . Nonetheless, the variations observed in the median contribution of krill along vibrissae (Fig. 5) can be interpreted as a change in the diet of crabeater seals as they respond to changes in the availability of their prey (krill and fish).
Evidence from tagging studies of crabeater seals in the wAP indicates that their foraging behavior switches from shallow, short dives in summer, to deeper, longer dives in the winter, likely in response to changes in vertical distribution of their prey (Burns et al. 2004 ). Yet, they are capable of maintaining, or even increasing their body mass during winter . Burns et al. (2004) suggested that, regardless of the crabeater seals' high level of specialization on a single prey, they display behavioral plasticity to forage successfully in winter, when there is lower availability of their main prey. Our study offers evidence that their plasticity is not only related to changes in patterns of habitat utilization and diving behavior as previously suggested (Burns et al. 2004 ), but also the inclusion of other prey (i.e. fish) in their diet. Similar findings have been described for Adélie penguins along the wAP, whose diet shifts from primarily krill in the summer breeding season to include > 50% fish during winter (Lynnes et al. 2004 , Polito et al. 2011 . It is unknown, however, to what extent and at what rate crabeater seals might be able to switch from a krill-dominated diet to a more generalized one, under the current scenario of rapid climate change that is occurring along the wAP (Costa et al. 2010) . CONICYT-Fulbright (Chile) . B.I.M. was supported by a NSF predoctoral fellowship and EPA STAR fellowship. All animal captures were authorized under National Marine Fisheries Service permits nos. 87-1593 and 87-1851-00, and approved by the Institutional Animal Care and Use Committee (IACUC) at University of California Santa Cruz, and the University of Alaska, Anchorage. This is US GLOBEC contribution no. 711. 
